Serb. Astron. J. JV^ 176 (2008), 1 - 4 



EVIDENCE OF MOLECULAR ADAPTATION TO EXTREME 
ENVIRONMENTS AND APPLICABILITY TO SPACE ENVIRONMENTS 

M. Filipovic^, S. Ognjanovic^ and M. Ognjanovic^ 

^University of Western Sydney, Locked Bag 1797, Penrith South DC, NSW 1797, Australia 
'^University of Minnesota, MMC 715, 1-185 Moos 420 Delaware Street SE Minneapolis, MN 55455, USA 

(Received: 20 February, 2008; Accepted: 1 April, 2008) 



SUMMARY: This is initial investigation of a gene signatures responsible for 
adapting microscopic life to the life in extreme Earth environments. Here, we 
present a preliminary results on identification of the clusters of orthologous groups 
(COGs) common to several hyperthermophiles and exclusion of those common to 
a mesophile (non-hyperthermophile): Escherichia coli (E. coli K12), will yield a 
group of proteins possibly involved in adaptation to life under extreme tempera- 
tures. Comparative genome analyses represent a powerful tool in discovery of novel 
genes responsible for adaptation to specific extreme environments. Methanogens 
stand out as the only group of organisms that have species capable of growth at 
0°C (Metarhizium frigidum (M. frigidum) and Methanococcoides burtonii (M. hur- 
tonii)) and 110°C (Methanopyrus kandleri (M. kandleri)). Although, not all the 

components of heat adaptation can be attributed to novel genes, the chaperones 
known as heat shock proteins stabilize the enzymes under elevated temperature. 
However, highly conserved chaperons found in bacteria and eukaryots are not present 
in hyperthermophilic Archea, rather, they have a unique chapcrone TF55. Our aim 
was to use software which we specifically developed for extremophile genome com- 
parative analyses in order to search for additional novel genes involved in hyper- 
thermophile adaptation. The following hyperthermophile genomes incorporated in 
this software were used for these studies: Methanocaldococcus jannaschii (M. jan- 
naschii), M. kandleri, Archaeoglobus fulgidus (A. fulgidus) and three species of 
Pyrococcus. Common genes were annotated and grouped according to their roles in 
cellular processes when such information was available and proteins not previously 
implicated in the heat-adaptation of hyperthermophiles were identified. Additional 
experimental data is needed in order to learn more about these proteins. To address 
a non-gene based components of thermal adaptation, all sequenced extremophiles 
were analysed for their GC contents and aminoacid hydrophobicity. Finally, we 
develop a prediction model for optimal growth temperature. 
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1. INTRODUCTION 



Understanding life in extreme environments 
on Earth can tell us a great deal about the potential 
for life in similar environments on other celestial ob- 
ject such as planets, satellites, comets and asteroids. 
Understanding the limits of life as we know can also 
help determine what makes a planet habitable. 

Astrobiology has developed as a new field, de- 
voted to the scientific study of life in the universe - 
its origin, distribution, evolution and future. This 
multidisciplinary field brings together the physical 
and biological sciences to address some of the most 
fundamental questions of the natural world: the ori- 
gin of life, evolution of habitable worlds and adapta- 
tions of terrestrial life required for potential survival 
beyond our home planet. 

We now realise that the origin and evolution 
of life itself cannot be fully understood unless viewed 
from a larger perspective than just our own planet 
- Earth. Biologists are working with astronomers to 
describe the formation of life's biochemical precur- 
sors, and to discover new potentially habitable plan- 
ets, while collaborations with computer scientist, ge- 
ologists, paleontologists, evolutionary biologists, cli- 
matologists and planetary scientists help studies of 
other aspects of life limits. 

Our intention is to investigate a gene signa- 
ture responsible for adapting microscopic life forms 
to the life in extreme Earth environments with the 
goals to: 

(i) test if computationally identified genes are ex- 
pressed in a group of psychrophiles 

(ii) characterize computationally identified pro- 
teins and their functions 

(iii) to investigate whether such genes can be used 
to modify organisms which can be used for 
terraforming suitable planets. 

(iv) predict what is the range of environmental 
conditions on the other planets and solar bod- 
ies that allows the existence of the basic life 
forms 

Revelations about extremophiles have invig- 
orated the field of astrobiology (Feller & Gerday 
2003). In recent years, the field has also been stim- 
ulated by the discoveries of apparently biogenically 
derived methane on Mars (Onstott et al. 2006), the 
knowledge that methanogens exist and are active in 
the cold, and that methanogens can grow and me- 
tabolize in Martian-soil stimulant (Cavicchioli 2002). 
Other exciting findings have been the discoveries of 
live microorganisms in ice cores taken from sea ice 
(Price 2007; Tung 2005) and the presence of water 
in cold environments on Mars (ice sheets and per- 
mafrost), Mercury and Europa (sediments deep be- 
neath the icy crust (Christner et al. 2001)). Cry- 
opreserved micro-organisms can remain viable (in a 
deep anabiotic state) for millions of years frozen in 



permafrost and ice. Psychrophiles, cold loving bacte- 
ria, proliferate at temperatures 0°-10°C, metabolize 
in snow at ice at 20° C, are predicted to metabolize 
at -40°C and can survive at 45°C (Goodchild et al. 
2004; Feller & Gerday 2003: Margesin 1999; Price & 
Sowers 2004; Sounders et al. 2003; Siddiqui & Cav- 
icchioli 2006; Wagner et al. 2005). It is estimated 
that more than 80% of biosphere is permanently be- 
low 5°C (Cavicchioli et al. 2000). 

All components of psychrophiles, must be 
adapted to cold to enable an overall level of cellular 

function that is sufficient for growth and survival. 
Cold adaptations in bacteria affects most structural 
and functional components of the cell; ranging from 
the outer membranes (lipid composition) to the in- 
ner cellular machines (ribosomes), protein transla- 
tion processes, enzymes and nucleic acids (tRNA) 
(Feller & Gerday 2003; Margesin & Schinner 1999). 
Often there are other life-limiting factors present 
in these cold environments, such as high pressure 
(deep sea), high levels of UV irradiation (snow and 
ice cap communities), aridity (Antarctic cryptoen- 
doliths), low light (cave-dwelling). Despite some ad- 
vances in understanding molecular adaptations to 
cold (D'Amico, et al. 2002; Demming 2002; Feller & 
Gerday 2003), these adaptations remain poorly un- 
derstood. The studies have shown that psychrophilic 
metabolic activities may contribute to weathering 
processes and carbon/nutrient cycling (Skidmorc et 
al. 2000; 2005; Hearn 2003) and that these organisms 
may be utilized for biotechnological, agricultural, in- 
dustrial purposes, as well as potential bioremediation 
in cold regions (Cavicchioli 2002). 



2. AIMS AND APPROACH 



A recent study of NASA Ames Institute on 

Atacama Desert (the driest desert on Earth) showed 
that life on this planet is limited by the presence of 
water (Navaro-Gonzales et al. 2003). Understand- 
ing the limits of life on this planet as well as specific 
adaptations required for survival in extreme environ- 
ments represents an important contribution to the 
efforts of searching for life or sustaining it in space. 

Our aims are to elucidate the genetic mecha- 
nisms underlying the adaptations to specific extreme 
environments and the effect of two physical param- 
eters (pressure and temperature) on adaptation and 
limitation of life. 

The choice of extremophiles to be studied is 
based on the hypothesis that there is water under 
thick layers of ice on Mars, Mercury and Europa, 
concluding that such a water environment would be 
under high hydrostatic pressure, high temperature 
(at the places of hydrothermal vents) or low tem- 
perature, therefore we chose to study piezophiles, 
hyperthermophiles and psychrophiles, while extreme 
aquatic habitats of hydrothermal vents of Lohihi vol- 
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cano (Hawaii, USA) and deep ocean will serve as 
earth analogues of such space environments. 

Wc plan to develop a database of environ- 
ments found to date in space, as well as computer 
models of hypothetical environments that could ex- 
ist in space. We would then create a computer ap- 
plication interfacing between the extremophile prop- 
erties and the modeled and existing environments in 
order to investigate what kind of organisms can be 
expected or cultivated on other planets. 



3. METHOD 



Understanding constrains on microbial popu- 
lations in extreme environments is of great interest 
in the context of Earth analogs for possible extrater- 
restrial habitats. The application of DNA microar- 
ray technology to studies of life in extreme environ- 
ments offers an outstanding opportunity for discov- 
ering specific adaptation to these environments by 
detecting genes that are uniquely expressed in the 
natural environment (specific extremophile gene sig- 
nature) . 

The evidence of existence of such a specific 
gene signature is being gathered on a gene-by-gene 
basis. For example, Shewanella genus is split into 
2 major subgenuses: mesophilic pressure-sensitive 
species and high pressure-cold-adapted species, the 
latter shown to produce large amounts of eicosapen- 
taenoic acid (Kato & Nogi 2001), which affects the 
membrane fluidity, shown to be an important com- 
ponent of pressure adaptation (MacDonald 1987). 
Microarray approach proposed here gives a more 
global perspective into a great number of genes af- 
fected by a change of a single parameter (such as 
pressure or temperature) and yield a better under- 
standing of the changes required for specific adap- 
tations of microorganisms living under such condi- 
tions (piezophiles, hyperthermophiles). A well de- 
fined hyperthermophile M. jannaschii, which genome 
has been sequenced (Bult et al. 1996) was chosen as 
a starting point in the series of the proposed experi- 
ments. 

Additional insight into specific adaptation of 
hyperthermophiles could come through computer 
analysis of thus far sequenced genomes of hyperther- 
mophiles and discovery of their gene signature. The 
necessity of such an approach is recognized through- 
out the field (Ng et al. 2000). 

Moreover, the comparison of the genes of all 
available extremophile genomes sequences may re- 
veal a group of common genes across these ex- 
tremophile microorganisms called here general ex- 
tremophile gene signature. Although the majority 
of extremophiles are confined to a specific extreme 
environment, some of them can thrive in more than 



a single extreme environment. The latter opens 
the possibility of existence of a general extremophile 
gene signature. An example supporting this view 
is Chroococcidiopsis species with its remarkable tol- 
erance of environmental extremes: forms belonging 
to this species are present in a wide range of ex- 
treme environments: from Antarctic rocks to ther- 
mal springs and hypersaline habitats (Friedman & 
Ocampo- Friedman 1995). 

Genetic engineering has been well established 
for cyanobacteria and the methods for insertion of 
clusters of genes developed (Billi et al. 2001). This 
opens a technical possibility of inserting a subset of 
genes of interest, for example pressure adaptation 
genes, into a mesophile (such as a cyanobacterium 
species) and testing their importance in survival un- 
der increased hydrostatic pressure. The concepts of 
the climate modeling (Meadows et al. 2001) will be 
applied towards development of hypothetical models 
of environments in space. 



4. PRELIMINARY RESULTS 



Our approach of extremophile genome com- 
parisons was first developed for hyperthermophilic 
microorganisms, organisms which grow at 90° C or 
higher and have the highest growth temperatures 
known for life. 

We have developed an initial software which 
incorporated features of Basic Local Alignment 
Search Tool (BLAST0 genome and BLAST protein 
and existing databases for several sequenced hyper- 
thermophiles and were analysed using COGs (clus- 
ters of orthology) as a bases for comparisons. 

The first step was exclusion of all genes 
present in bacteria which do not live in extreme en- 
viroments. We used E. coli K12, a common labora- 
tory strand, for these purposes. Therefore, the first 
step of comparisons was between Pyrococcus abyssi 
(P. Abyssi) (one of the 7 hyperthermophiles anal- 
ysed) and E. coli, which eliminated all the common 
COGs and only remaining COGs (around 400) were 
used for search of the COGs common to hyperther- 
mophiles. 

Our analyses focused on 7 hyperthermophiles 
with well defined COGs available in the public do- 
main. The 6 archaeal genomes were chosen to rep- 
resent a wide variety of hyperthermal habitats. This 
approach significantly reduced the number of com- 
mon genes which would be found among the Archaea 
more closely related, since our goal was the search for 
the minimal common genes to all hyperthermophiles. 
This goal was limited by the number of currently se- 
quenced hyperthermophile genomes and the annota- 
tions of those which were sequenced. 



^for more details see; |http: / /www.ncbi.nlm.nih.gov/blafit| 



M. FILIPOVIC, S. OGNJANOVIC and M. OGNJANOVIC 



PROTEIN ANALYSIS 



Hypothetical proteins: 15 

COG2078 COG1708 COG0619 
COG0535 COG0467 COG1078 
COG1469 COG0731 COG1032 
COG1355 COG1371 COG1668 
COG1293 COG1618 COG1814 



ABC Transporters: 
COG1122 



Ribosome pn^tein: 
COG1358 



Enzymes: 11 

COG3635 C0G1 122 COG0294 
" COG2519COG1014COG1635 
COG0311 COG0075 COG0460 
COG1313 COG0499 



Etiiyiene-responsive protein: 
COG0214 



Transiation initiation factor aiF-2Bi: 
COG0182 



Fig. 1. Hyperthermophile- specific protein groups. 
Proteins were grouped according to function of hy- 
pothetical proteins, enzymes, sensing systems (ABC 
transporters) and ethylene-responsive element and 



proteins involved in translation. 



The purpose of these analyses was the iden- 
tification of genes involved in adaptation to ex- 
treme environment, in this case extreme tempera- 
tures (over 90° C) and extreme pressure. We identi- 
fied 29 proteins common to all 7 hyperthermophiles 
which we grouped according to function into 4 cat- 
egories (Fig. 1): hypothetical proteins (15 identified 
proteins had unknown function and were annotated 
as hypothetical), enzymes (11; see Table 1), mem- 
brane and ribosomal proteins (2) and regulators of 
gene expression (2). 



Table 1. Enzymes common to 7 analysed hyperthermophiles. Enzymes include a rare enzyme which 
utilizes Tungsten as a co-factor: COG0535. There have been only 4 such enzymes discovered so far, but their 
importance in a tungsten-reach environment of deep-ocean hydrothermal vents is becoming more appreciated. 



Enzymes 



COG3635 Phosphonopyruvate decarboxylase, putative 

COG0294 DIHYDROPTEROATE SYNTHASE 

COG2519 PROTEIN-L-ISOASPARTATE METHYLTRANSFERASE HOMOLOG 

COGIOI4 2-ketoglutarate ferredoxinoxidoreductase, subunit gamma (korG-1) 

COG0311 Imidazoleglycerol-phosphate synthase, subunit H, putative 

COG0075 SERINE-GLYOXYLATE AMINOTRANSFERASE related (EC2.6.1.45) 

(SERINE-GLYOXYLATE AMINOTRANSFERASE) 

COGO46O Homoserinedehydrogenase(hom) 

COG0467 RECOMBINASE related 

COG0535 Tungsten-containing aldehyde ferredoxin oxidoreductase 
COFACTOR MODIFYING PROTEIN 

COG1313 Pyruvate formate-lyase activating enzyme (pflX) 

COGO499 Adenosylhomocysteinase(ahcY) 



At such extreme heat, as found in these en- 
vironments, proteins are expected to loose their ter- 
tiary structure, denature, due to coagulation. The 
other challenge is sustaining plasma membrane in 
semi-liquid state. Yet another is the functioning of 
enzymes at these temperature. The categorizes of 
proteins we identified reflect these issues. 



5. DISCUSSION AND FUTURE WORK 



Comparative genomic analyses has the poten- 
tial to generate hypotheses regarding the importance 
of specific genes and molecular characteristics for 
life in extremely cold environment, such as the per- 
mafrost (Ponder et al. 2003). The first psychrophile 
genome sequenced was Psychrobacter strain 273-4- It 
contains a 2.64 Mbp genome with 2, 147 ORFs. The 
approach of identification of cold adaptation genes 
involved comparison of 2 psychrophile genomes {Psy- 
chrobacter 273-4 and Exiguobacterium 255-15) with 
the strains of these bacteria that live in warm waters 



and can grow at temperatures up to 42° C (Ponder et 
al. 2003). Using this approach. Ponder et al. (2003) 
identified one extremely large hypothetical protein 
(6,715 amino acids) and four histone-like proteins 
potentially involved in cold adaptation. However, 
comparing the genomes of 2 psychrophiles sequenced 
at that time, showed 75% of ORFs in Exiguobac- 
terium encode for putative protein homologues in 
Psychrobacter. Our approach is taking advantage 
of a larger number of available sequenced genomes 
and will use comparisons of these genomes only and 
subtraction of genes found in a mesophile (E. coli 
strain K12), a method proven successful in hyper- 
thermophile computational analyses (Sec. 4). 

In the Solar system the variety of different con- 
ditions exists. These conditions depend on the dis- 
tance of the objects from the Sun and surrounding 
planet (s) or clieinic;al and physical characteristics of 
the object. Therefore, models designed to address 
possibility of existence of living forms in our solar 
system have to include and understand all factors 
involved. 

From the analyses of comets (Meech et al. 
2005; Jones et al. 2006), planets such as Mer- 
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cury, Mars, Venus or satellites around Earth (Moon), 
Jupiter, Saturn, Uranus and Neptune, a lot of dif- 
ferent data regarding conditions of soil, atmosphere, 
temperatures, pressure etc. were collected. Our goal 
is to make a map of as many as possible areas of 
the objects in Solar system, and compare these with 
extreme conditions on the Earth. Example: the tem- 
perature in some areas on Mars, Callisto, Ganymede 
or Europa is similar to that on Antartica, but it is 
also very important to compare other components of 
extreme conditions (chemical and physical, such as 
pressure or existence of O2 or metan). 

We intent to analyse all collected data from 
the NASA and the others databases of planetary 
and Solar exploration, make our databases of con- 
ditions in extreme environments, and compare these 
databases. This will lead to construction of Atlas of 
planetary conditions potentially suitable for life and 
development of web application where conditions of 
an Earth extreme environment of interest could be 
compared to the closest resembling counterpart in 
space. 

During the course of analyses some COGs 
were found to be common to only limited number 
of hyperthermophiles. For example, a COG1361, an 
S-layer protein representing a glycoprotein which is 
a cell wall component of some hyperthermophiles 
was common to P. abyssi. Pyrococcus horikoshii 
(P. horikashii) and M. jannaschii. This structure 
was previously implicated in survival of extreme tem- 
peratures. However, we didn't find to be present 
in any of 7 hyperthermophiles analysed and there- 
fore not presented here. Likewise, many other genes 
which were common to subgroups of the analysed 
hyperthermophiles (but not to all of them,)were not 
the scope of this study. 



6. CONCLUSIONS 



This study revealed a large number of COGs 
common between E. coli and P. abyssi showing that 
such two distinct representatives of Archaea and 
Bacteria have a large portion of proteins in common. 

We determined 29 COGs specific to only 
7 studied hyperthermophiles and distinct from 
mesophiles exemplified in E. coli. We anticipated 
a smaller number of COGs to be found because the 
hyperthermophiles chosen were so diverse (including 

one aerobe and several strict anaerobes). Moreover, 
when a halophile (Halobacterium) was input in this 

program, no further restriction of the common genes 
was observed (data not shown). 

However, since there is an extreme interest 
in these extremophile organisms, the sequencing of 
their genomes advances with amazing speed and the 
authors anticipate that the input of novel sequences 
(COGs) in our program will lead to further reduction 
of the genes common to hyperthermophiles. 
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nPHMEPH MOJIEKYJIAPHE AJJAHTAUHJE HA EKCTPEMHE YCJIOBE 
3*CMBOTHE CPEJEHHE H HPHMEHA HA CBEMMPCKY OKOJIMHY 

M. Filipovic^, S. Ognjanovic^ and M. Ognjanovic^ 

^University of Western Sydney, Locked Bag 1797, Penrith South DC, NSW 1797, Australia 

^ University of Minnesota, MMC 715, 1-185 Moos 
420 Delaware Street SE Minneapolis, MN 55455, USA 



npe^CTaBJiaMO HHimHjajiHa HCTpa)KHBaHja 
CTpyKTypa rena o^roBopnHx 3a a^aniaiiiHjy 
MHKDOCKoncKor »CHBOTa y eKCTpeMHHM ycjiOBHMa 
Ha BeMJBH. OB^e, npejiHMHnapHO npeaeHiy- 
jeMO pesyjiTaie H^eHTH(j5HKaii;nje KJiyciepa op- 
Txojioryc rpoyna (COGs) saje/tHHi^KHx sa neKO- 
jiHKo xHncpTcpMO(|)HJia H HsysHMaHjC OHHx sa- 
je/i;HH^KHx 3a Me3o4)HJie (He-xHnepTepMO(|)HJie) : 
E. coli K12, CKynjieHH y rpyny MOryliHx npo- 
TBHHa o/iroBopHiix 3a a^anTariiHjy SKHBOia y eK- 
CTpeMHHM ycJiOBHMa. KoMnapaTHBHa reneTii^Ka 
aHajiH3a npe/iCTaBJta cnaacHO opy^e y otkph- 
Baay hobhx rena OAroBopHHx 3a a/i;anTaii;Hjy y 
eKCTpeMHHM ycjiOBHMa. MeTaHorenH npe/i;cTaB- 
Jtajy je^HHy rpyny oprannsaMa koJh Mory jia, 
'pacTy' Ha 0°C (M. frigidum h M. hurtonii) 



H 110°C (M. kandleri). Ma^a, ne cbc Tep- 
MH^Ke KOMnoHCHTe aflanTaijHje ce Mory npnn- 
HcaTH THM HOBHM rcHHMa, 'chapcroncs' nOSHaTHjH 
Kao TonjioTHH y^ap npoTCHH CTa6HJiH3yjc ch3- 
HMC npH noBchaH>y TCMncpaTypc. Ham ijhjl 
jc KopHintiCHjC cncijiij ajiHo pasBHjcHor co(f)TBepa 
3a KOMnapaTHBHy aHajiH3y rena sHa^ajnnx 3a 
a/ianTaiiiHjy xHnepTepMO(|)HJia. Cjie^eliH xHnepT- 
epMO^jHJicKH rcHH cy yBpmTeHH y co({)TBep 3a 
noTpeSe obc CTy/i;iije: M. jannaschii, M. kandleri, 
A. fulgidus Kao h Tpn Bpcxe Pyrococcus. 3aje/i;- 
HH^iKH rcHH, jiODiHpaHH cy H TpyHHcaHH npeMa 
HjHxoBoj yji03H y tiejinjcKHM npon;ecHMa. Ho- 
AaTHH eKcnepHMCHTajiBH uop^aTHT/i cy neonxo^HH 
3a ^ajte H3y^iaBaH.e obhx npoTewHa. 
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